INTRODUCTION
Metallothioneins (MTs) are a class of low molecular weight, cysteine-rich proteins that have a high affinity for heavy metals, in particular zinc, cadmium and copper. They are involved in multiple cellular processes, such as heavy metal detoxification, metal homeostasis and adaptation to stress (reviewed in [1] [2] [3] . Targeted disruption of the metallothionein I and II genes established the function of metallothioneins in metal detoxification, because null mutant mice were particularly sensitive to cadmium (4, 5) .
The synthesis of MTs is controlled at the level of transcription via cis regulatory promoter sequences, termed metal-responsive elements (MREs) (6) (7) (8) . Among these multiple 13-15 bp MRE sequences in the mouse MT-I promoter, the motif named MREd is the most active in conferring metal inducibility to heterologous reporter genes (9) . Several groups, including ours, have described proteins that bind to MRE sequences (10) (11) (12) (13) (14) . We have previously identified and cloned the transcription factor MTF-1, which specifically binds to metal-responsive elements of the mouse metallothionein I promoter (10, 15) . Initially the activity of mouse MTF-1 (mMTF-1) was found to be constitutive, rather than metal-inducible (15) . However, the importance of MTF-1 was underscored with studies on embryonic stem cells that have lost MTF-1 by targeted gene disruption. These cells were no longer able to confer basal and heavy metal-induced transcription of the mouse metallothionein I and II genes (16) . Metal response could be partially restored by transfection of mMTF-1 into MTF-1""'" cells (16) and it was reassuring that the recently cloned human homologue of mMTF-1 (hMTF-1) exhibits a more pronounced metal response when tested in transient transfection assays (17) .
In this study we have identified several functional domains of MTF-1 by deletion and gene fusion experiments. At least two domains are involved in metal responsiveness of this factor, namely the DNA binding zinc fingers and a downstream segment in the acidic and proline-rich activation domains.
MATERIALS AND METHODS

Construction of plasmids
Reporter and reference plasmids, designated 2GAIV-, 2GAL/ SV40, 2Spl/-, 2Spl/5GAL, MT-I OVEC and OVEC-REF, have been described previously (15, (18) (19) (20) .
Construction of GAL4 fusion proteins
The expression plasmids for the GAL4 fusion constructs all contain the DNA binding domain of GAL4 (amino acid residues "remote" reporter plasmlds Figure 1 . Schematic representation of the transactivator and the reporter plasmids. The 'proximal' reporter plasmids contain two GAL4 binding sites in a typical promoter position upstream of the TATA box and either an SV40 enhancer or no enhancer downstream of the reporter gene. The remote reporter plasmid has two Sp 1 binding sites in the promoter position and five GAL4 binding sites in a downstream enhancer position. Both reporter constructs were derived from the plasmid OVEC-1 (20) . All [GAL4J-X constructs were based on the plasmid pSCTEV-GAL4( 1-93) (18) , whereby the linker consists of an oligonucleotide with restriction sites in three frames. DNA fragments coding for different domains of the MTF-1 transcription factor (X) were fused to [GAL4] . The second intronof the rabbit p" globin gene is present downstream of the stopcodons. For the domains of MTF-1 fused to [GAL4] see Figure 2A .
frames. The following domains of MTF-1 were obtained with the indicated restriction enzymes, blunt-ended by filling in with Klenow fragement and cloned into the Smal site: residues 137-675 (an Asp718 fragment from PCT-MTF-1; 15); residues 327-624 (a SaumA fragment from PCT-MTF-1); residues 327-488 (a Narl-Xbal fragment from pSTEV[GAL4]Ac/P/ST); residues 510-624 (a Hgal fragment derived from a SauTHA fragment from PCT-MTF-1); residues 327^10 (a Hgal fragment derived from a SOMIIIA fragment from PCT-MTF-1); residues 410-509 (a Hgal fragment of PCT-MTF-1); residues 1-312 (a Ncol-BspHI fragment from PCT-MTF-1); residues 1-137 (a Ncol-Kpnl fragment from PCT-MTF-1). A Narl-Xbal fragment from PCT-MTF-1 was cloned into a Narl-Xbal digested pSTEV[GAL4]P plasmid to generate pSTEV[GAL4]P/ST.
Construction of mMTF-1 deletion mutants
All mMTF-1 deletion mutants were derived from the plasmid PCT-MTF-1 (15) . The following residues were deleted by using convenient restriction sites: Mutl, residues 525-675; Mut2, residues 412-675; Mut3, residues 313-675; Mut4, residues 1-91; Mut5, residues 1-138; Mut6, residues 1-136 and 313-675 ;Mut7, residues 140-311; Mut8, residues 235-311; Mut9, residues 140-228.
Construction of hMTF-1 deletion mutants
The following residues were deleted in a similar way as described for the mMTF-1 deletions: hMutl, residues 525-753; hMut2, residues 407-753; hMut3, residues 315-753.
Construction of mMTF-l-hMTF-1 chimeras
Chi: amino acids 1-138 of hMTF-1 were fused to mMTF-1 starting with residue 138. Ch2: amino acids 1-316 of hMTF-1 were fused to mMTF-1 starting with residue 316. Ch3: amino acids 1-524 of hMTF-1 were fused to mMTF-1 starting with residue 525. Ch4: amino acids 1-137 of mMTF-1 were fused to hMTF-1 starting with residue 139. Ch5: amino acids 1-315 of mMTF-1 were fused to hMTF-1 starting with residue 317. Ch6: amino acids 1-524 of mMTF-1 were fused to hMTF-1 starting with residue 525.
Construction of MTF-VP16 fusions
mMTF-VP16: amino acids 1-315 of mMTF-1 were fused to the transactivation domain (residues 413-490) of VP16 (22) . hMTF-VP16: amino acids 1-316 of hMTF-1 were fused to the transactivation domain (residues 413-490) of VP16 (22) .
GAL4-MTF-1 fusions
[GAL4] Nterm 
Cell lines and preparation of nuclear extracts
HeLa and 3T6 cells were cultured in DMEM medium (Gibco) supplemented with 2.5% fetal calf serum, 2.5% newborn calf serum, 100 U/ml penicillin, 50 (ig/ml streptomycin and 2 mM L-glutamine.
Embryonic stem cells lacking MTF-1 (MTF-1~/"ES) were cultured as described previously (16) without feeder cells in order to allow them to differentiate into fibroblasts. These fibroblasts were then transfected with an expression vector expressing the SV40 large T antigen to immortalize them. The immortalized cells were designated dko7 and were used for transient transfection assays.
Nuclear extracts from either HeLa cells, HeLa cells transfected with 5 (ig of the different [GAL4] fusion expression vectors, dko7 cells transfected with 5 (ig of the different MTF-1 deletion mutants or 3T6 cells were prepared as described (23) .
For metal ion induction, ZnSC"4 was added to the medium to a final concentration of 100 ^M 4 h before harvesting the cells.
DNA transfection and RNA analysis
DNA transfection by calcium phosphate co-precipitation, RNA isolation and S1 nuclease mapping were performed as previously described (10) . Aliquots of 10 ug reporter plasmid, 0.5 [ig OVEC-REF and 2 (ig of the different expression vectors were used per 100 mm plate. Salmon sperm DNA was added to equalize the amount of transfected DNA per plate. In the metal ion induction experiments using the promoter-type reporter constructs, ZnSC>4 was added to the medium to a final concentration of 100 |iM 4 h before harvesting the cells. When using the enhancer-type constructs the metal ion induction experiment was done as described in Westin and Schaffner (10) with a minor modification, namely the omission of the DMSO boost.
Band shift assay and immunofluorescence analysis
Band shift conditions were as described previously (15, 18, 24) .
To generate a polyclonal antiserum directed against mMTF-l an 18 amino acid long polypeptide with the following sequence EQDPGTLEDDEDDGQCGE was synthesized and coupled to chicken ovalbumin by NEOSYSTEM Laboratoire (Strasbourg, France). This peptide corresponds to residues 52-69 of MTF-1. Fortunately, the antibody reads well to this peptide despite a sequencing error in mMTF-l (15) which was corrected in (17) . Two rabbits were immunized with 500 \ig each of the peptide coupled to ovalbumin. Immunization was done as described (25) . Final bleeding was performed after four boosts. Complete Freund's adjuvant was used for primary immunization, incomplete Freund's adjuvant when animals were boosted with 500 Jig of the MTF-1 derived polypeptide. Polyclonal antibodies directed against the DNA binding domain of GAL4 were a kind gift of Mark Ptashne.
Immunofluorescence analysis was done as decribed (25) using fluorescein-conjugated swine immunoglobulin to rabbit immunoglobulin as secondary antibody. The corresponding expression vectors (5 u.g) were transfected into HeLa cells.
RESULTS
The C-terminal part of MTF-1 harbours three different transactivation domains
The metal regulatory factor MTF-1 is essential for normal metallothionein gene transcription (16) . From an inspection of the sequence the transcription factor can be subdivided into several domains. Following a unique N-terminal domain, without obvious homology to any known protein, there is a domain consisting of six zinc fingers of the TFTIIA type (C2H2), which are known to be required for specific DNA recognition. Downstream of the zinc finger region there are three putative activation domains, namely a region rich in acidic amino acids, followed by a region rich in proline and, just upstream of a short unique C-terminal stretch, a region rich in serine and threonine. To test these domains for transcriptional activation potential we fused parts of MTF-1 to the DNA binding domain of the yeast factor GALA The reporter genes contained GAM sites located either in the promoter region immediately upstream of the reporter gene or in an enhancer position downstream of the reporter gene. In the latter case two Spl binding sites upstream of the TATA box served as promoter elements ( Fig. 1 and for a summary of the results see Fig. 2A ).
The isolated acidic domain when fused to GAL4 was a very strong activator that worked both from the promoter (Fig. 2B , lanes 5 and 6) and remote enhancer positions (Fig. 2C, lanes 15  and 16) . Its activity was about two thirds of that of the well-characterized strong activation domain of the herpes virus transcription activator VP16 (Fig. 2C, lane 12) . In contrast, the proline-rich domain and also the serine/threonine-rich domain were only active from a proximal promoter position in response to the constitutive SV40 enhancer at a downstream position (Fig.  2B , lanes 7 and 8 and 15 and 16 versus Fig. 2D , lanes 11 and 12 and 15 and 16). This is in agreement with our previous studies on different classes of transcriptional activation domains (18) .
The interplay of the different activation domains was more complex, which was obvious when more than one of them was fused to GAL4. Unexpectedly, two GAM fusions with parts of mMTF-1 remained in the cytoplasm, namely that which contained all three types of activation domains and that which contained the proline-and serine/threonine-rich activation domains (Fig. 3) . Consistent with this, they were inactive in transient co-transfection assays using the GAL4 reporter constructs (Fig. 2B , lanes 9 and 10 and 13 and 14). The combination of acidic and proline-rich activation domains, on the other hand, behaved similarly to the acidic one alone, albeit with somewhat reduced activity (Fig. 2B, lanes 11 and 12) . Fusing the N-terminus or the N-terminus plus the zinc finger region to the GAL4 DNA binding domain ( Fig. 2A) showed, even in the presence of zinc, no transcriptional activation over background (data not shown).
Besides the identification of individual activation domains of MTF-1 we wanted to see whether these domains could still confer metal responsiveness to a target promoter or enhancer when fused to GAM. None of the various constitutively active fusion constructs conferred induced transcription by zinc treatment (Fig.  2B-D) .
Most deletions severely reduce or abolish MTF-1 activity
Since none of the GAM fusions showed a metal response, we wanted to identify the region of MTF-1 that is most important for the ability to mediate metal-induced transcription in a more natural context. Therefore, we made a number of external and internal deletions of mMTF-1 (Fig. 4A) . These deletion mutants were tested in transient co-transfection assays using a reporter gene driven by the mouse metallothionein-I promoter. These transfections were carried out in mouse cells lacking endogenous MTF-1 protein, namely a differentiated cell line derived from 'double knockout' embryonic stem cells (17) . In a first set of constructs the MTF-1 C-terminus was truncated such that the region behind the zinc fingers retained either all three activation domains, only two (acidic and proline-rich, designated Mutl), the acidic alone (Mut2) or none of them (Mut3; Fig. 4A ). With all three mutants transcriptional activity was reduced and none of them showed a metal response (Fig. 4B, lanes 5-10) . To test whether this dramatic reduction in transcriptional activity was due to protein destabilization we performed band shift experiments, which indicate that this is not the case, since all three mutant proteins were at least as abundantly produced as wild-type MTF-1 (data not shown).
A 2-fold metal induction response was retained with two N-terminal deletions (Mut 4 and Mut 5, Fig. 4A ), however, with a reduced overall efficiency of transcription (Fig. 4B, lanes  11-14) . Therefore, the unique N-terminal region may increase MTF-1 stability and/or potentiate the activity of the factor. The zinc finger region alone (Mut6), not unexpectedly, does not confer transcriptional activity (Fig. 4B, lanes 15 and 16) . When co-expressed with wild-type MTF-1, however, it interfered negatively with overall transcriptional activity and zinc response, presumably by competing for the DNA binding site (not shown). From three internal deletions, removing either all six zinc fingers (Mail), the first three (Mut9) or the second three (Mut8, Fig. 4A) , only the deletion which retains the first three zinc ringers (Mut8) retained a weak activity (Fig. 4B , lanes 19 and 20 versus 17 and 18 and 21 and 22). This probably means that the first three zinc fingers are sufficient for low affinity DNA binding, even though this mutant protein could not be detected in a band shift assay (data not shown).
We recently cloned the human homologue of mMTF-1 (17). The overall structure of hMTF-1 (17) is very similar to that of the mouse factor. In order to investigate if truncations of hMTF-1 behave similarly to the mouse mutants we made a series of C-terminal deletion mutants (Fig. 5A) . The effect of these truncations was even more severe than with mMTF-1. When the very C-terminal region of hMTF-1, including the serine/threonine-rich region, was deleted (hMutl) transcriptional activity was strongly reduced (Fig. 5B, lanes 5 and 6 versus 3 and 4) . Further deletions of the C-terminus completely abolished transcriptional activity (Fig. 5B, lanes 8-10) . Again, we tested with band shift assays whether this simply reflects reduced protein stability and found that hMutl (without the serine/threonine-rich domain) was produced in even greater quantity than the wild-type protein (data not shown). The larger deletions, hMut2 and hMut3, were not conclusive in this respect, since neither a transcriptional signal nor a band shift signal were detectable (data not shown).
A functional difference between mMTF-1 and hMTF-1 lies within the acidic and proline-rich transactivation domains
mMTF-1 and hMTF-1 differ in two aspects. First, the human homologue has an additional 78 amino acids at the C-terminus as compared with the mouse protein (Fig. 6A ) and, second, it displays a more pronounced metal response when tested in transient transfections (9-12-fold versus 2-3-fold; Fig. 6B , compare lanes 3 and 4 with 5 and 6; see also 17) .
To test whether the additional 78 amino acids on the C-terminus of hMTF-1 are responsible for this functional difference, we exchanged the C-terminal end of the mouse factor with that of the human factor. However, the human C-terminus, which includes the serine/threonine-rich domain, as well as the 78 amino acids not present in the mouse factor, did not confer the metal responsiveness of the human factor to the chimera (Fig. 6, lanes  15 and 16 versus 17 and 18 ). Therefore, we tested several other chimeric proteins and found that all chimeras with the human acidic and proline-rich domains displayed the characteristic metal response of hMTF-1 (Fig. 6B , compare lanes 11 and 12 with 15 and 16), suggesting that this region is important for a high inducibility by metals.
The N-terminal region containing the zinc fingers confers limited metal induction when fused to the VP16 activation domain
Previous in vitro experiments have indicated that MTF-1 binding to DNA can be stimulated proportionally to the amount of zinc ions (25-400 jiM) added to the extract (16, see also 10, 15) . This is in contrast to Spl, another zinc finger-containing transcription factor, which needs a certain threshhold of zinc (~25 u\M) to efficiently bind to DNA in vitro, but cannot be further stimulated by the addition of more zinc (16) . Altogether, these observations suggest that the zinc fingers of MTF-1 might be part of a metal 'sensing' mechanism. We therefore fused the N-terminal part containing the zinc finger region to a constitutive heterologous activation domain of the viral activator protein VP16 (21) . Consistent with the above-mentioned possibility, these constructs, under optimal conditions, indeed showed an intermediate zinc response, 2.7-and 4-fold for the mMTF-1 and hMTF-1 constructs, respectively (Fig. 7B, left panel, lanes 7 and 8, right  panel, lanes 7 and 8) .
DISCUSSION
Inspection of the sequence of MTF-1 reveals several features shared with other transcription factors, such as six zinc fingers of the C2H2 type and three putative activation domains rich in acidic residues, prolines and serinesAhreonines, respectively. In order to functionally define these different domains we performed experiments with yeast GAL4-MTF-1 chimeras, mMTF-1 and hMTF-1 deletions, mMTF-l-hMTF-l-VP16 chimeras and mMTF-l-VP16 and hMTF-l-VP16 fusions.
Using GAL4-MTF-1 fusions we found the three putative activation domains to be constitutively and independently active. Not unexpectedly, the acidic domain turned out to be an 'enhancer-type' activation domain, capable of activation over large distances, as defined previously (18) . The proline-rich and the serineAhreonine-rich domains, on the other hand, acted only from a proximal promoter position. Proline-rich domains have been previously found to work well from promoter-proximal positions and only weakly over large distances (18) , while serine/threonine domains can be of either type, perhaps depending on their state of phosphorylation (18, 32, 33) .
In our search for a domain responsible for metal induction of transcription we considered the possibility that the situation might be analogous to that of the hormone binding domains of glucocorticoid and oestrogen receptors, which, after fusion to a heterologous protein, render that protein responsive to hormone (26, 27 activity. These findings might suggest that metal induction is brought about by the synergy of two or more domains of MTF-1. We therefore also analysed mutants in the context of full-length MTF-1. First, we tested various MTF-1 deletion mutants and found that MTF-1 function is quite vulnerable, since most of the deletions eliminated transcriptional activity (Figs 4 and 5 ). This finding is unexpected and is in apparent contrast to the general notion that many transcription factors tolerate gross alterations, such as rearrangements of functional domains. It might again indicate an essential collaboration between domains.
In order to define regions of MTF-1 responsible for high inducibility by metals we also exploited the fact that metal induction is more pronounced with hMTF-1 as compared with its mouse counterpart (17) . Whether this difference in induciblity reflects a species-specific difference or is caused simply by a point mutation in the cDNA of the mouse factor remains to be seen (see also 17). In any case, these experiments clearly indicate that the C-terminal extension of hMTF-1 is not responsible for the observed difference, but rather a region within the acidic and proline-rich regions of hMTF-1 downstream of the zinc fingers (Fig. 6 ). Preliminary data indicate that the relevant region of hMTF-1 can be further narrowed to the acidic transactivation domain (H. -P. Mtiller, unpublished results). In spite of the quite dramatic difference in inducibility between mMTF-1 and hMTF-1, there are relatively few sequence differences in this region. Also, this domain seems to defy a simple reductionist approach, since, so far, it can only support metal induction in the context of full-length MTF-1 and not when linked to the heterologous DNA binding domain of GAL4 (this work and H. -P. Miiller, unpublished results).
Earlier studies had already suggested the possible involvement of the MTF-1 zinc fingers in metal inducibility, because we had shown that MTF-1 binding can be reversibly inactivated and reactivated in vitro by withdrawal and addition of zinc respectively (10, 15, 17, 30) . This finding led us to postulate that MTF-1 was sensing a high zinc concentration in the cell by conversion of low affinity, inactive zinc fingers to an active, DNA binding form (10, 17) . A similar scenario was independently postulated and experimentally supported for ACE 1, the copper regulator of yeast (31). Along this line we constructed a reverse chimera, by retaining the DNA binding domain of MTF-1 and providing a heterologous constitutive activation domain. For the latter we chose the well-characterized activation domain of the herpes viral activator VP16 (28, 29) . MTF-VP16 constructs, where the N-terminal part of MTF-1 containing the zinc fingers is fused to the heterologous VP16 domain, indeed confer a limited (3-to 4-fold) zinc responsiveness. However, this value is lower than the -10-fold induction seen with intact hMTF-1, confirming the notion that the acidic and proline-rich regions downstream of the zinc fingers may contribute to full zinc responsiveness. We can only speculate about the mechanism by which this might occur. For instance, zinc might directly bind to this region and induce a conformational change in MTF-1. It is also feasible that this region somehow interacts with the zinc fingers, rendering them more sensitive to the intracellular zinc concentration. In any case, the function of MTF-1 is the result of an interplay of different functional domains. These findings, together with the observation that MTF-1 is an essential gene for mouse development (our unpublished data), underline the importance of elucidating MTF-1 function.
